Abstract: Because of their high tunability and surfacea rea, metal-organic frameworks (MOFs) show great promise as supports form etal nanoparticles. Depending on the synthesis route, MOFs may contain defects.H ere, we show that highly crystalline MIL-100(Fe) andd isordered Basolite F300, with identical iron 1,3,5-benzenetricarboxylatec omposition, exhibit very divergent properties when used as as upport for Pd nanoparticle deposition.W hile MIL-100(Fe) shows ar egular MTN-zeotype crystal structure with two types of cages, Basolite F300 lacks long-rangeo rder beyond 8 and has a single-pore system.T he medium-range configurational linker-node disorder in Basolite F300 results in ar educed number of Lewis acids ites, yieldingm ore hydrophobic surface properties compared to hydrophilic MIL-100(Fe). The hydrophilic/hydrophobicn ature of MIL-100(Fe) and Basolite F300 impacts the amounto fP da nd particle size distribution of Pd nanoparticles deposited during colloidal synthesis and dry impregnationm ethods, respectively.I ti ss uggested that polar (apolar)s olvents/precursors attractively interactw ith hydrophilic (hydrophobic) MOF surfaces, allowing tools at hand to increase the level of controlo ver,f or example, the nanoparticle size distribution.
Introduction
Metal-organic frameworks (MOFs) are ar elatively new familyo f porous compounds, whichc onsist of metaln odes interconnectedb yo rganic linkers forming ac rystalline network with potentialv oids.
[1] By varying the metal and linker type, the MOF properties can be altered and their pore spacem odified according to functional and diffusional needs. This tunability, togetherw ith exceptionally high specific surface areas and very rich post-and pre-synthetic chemistries, has generated keen interestw ithin the scientific community,a nd MOFs have become the target of intense research. One particular function for whichM OFs shows trong potential is as hosts for metal nanoparticles in ad iverse set of applications, ranging from chemicals ensing, [2] to gas storage, [3] and catalysis. [4] Indeed, MOFs have emerged as an attractive alternative to classic heterogeneous metal oxide or carbon supports,o wing to their structuralv ariability,o pening the way for the synthesis of application-tailored supports. [5] However, despite the potentialo f MOFsa sp orous supports, the initials olventw ettability,t ransport, anda nchoring of the metal precursorso nt he MOF surface, as well as subsequent metal nanoparticle (NP) formation, are not well-understood and impede control over the nanoparticle properties and stability. [6] Defect engineeringi sb ecoming an increasingly important discipline in MOF science. [7] Whether it is by targetedi ntroduction or natural occurrence, the presence of disorderedd omains may perturb the original MOF framework, therebyi nfluencing the pore structure. [8] When it comes to the use of MOFs as supports,t he presence of thesed isordered domains has the po-tential to play ak ey role. [9] For example, the introduction of disorderm ay result in mesoporef ormation,w hich allowsf or a more rapid diffusion of liquidso rg ases. Furthermore, Lewis (M n + )a nd Brønsted acid -OH and -COOH groups can arise from linker defects or adsorbed molecules on exposed metal sites. [9, 10] Nonetheless, up to now,t he effect of disorder when using aM OF as as upport for metal nanoparticles has not been investigated in great detail, hampering the use of defect engineering as as ynthetic toolf or the rational designo fN P deposition.
In this study,o ur goal is to gain insighti nto the impact of the lattice disorder on metal deposition and NP formation in MOF hosts. In particular, our studyf ocuseso nt he use of two differents upports:1 )defect-free MIL-100(Fe), possessing the MTN (named after Socony Mobil Thirty-Nine) zeolite framework type, and 2) its non-crystalline Basolite F300 analogue, [11] containing structural defects (such as kinks, grainb oundaries, cracks, or voids) owing to the synthesis protocol used for its preparation. [12] In order to understand how structural spatial arrangementm odifies physico-chemical properties,aw idev ariety of spectroscopica nd textural characterization methods have been appliedo nb oth defect-free MIL-100(Fe) and disordered Basolite F300. Based on this, am ore complete picture, as schematically shown in Figure 1a ,e merges on the structure and properties of these two materials. Thereafter,impregnation of different Pd metal precursors, as wella sd eposition of colloidal nanoclusters, has been carried out, so as to shed light on the effect of MOF lattice disorder on metal NP deposition.
It will be shown that the disordered framework of MOF materials,t hat is, non-periodic ordering of metal nodes and organic linkers, has as trong impacto ns urface polarity.T hus, the Pd content, the Pd NP size, and relatedd istributionw ithin the MOF material can be rationalized accordingly,a nd is shown to be dependento nt he precursor-and solvent-type, as ar esult of support surface polarity, as outlined in Figure 1b .
Results and Discussion
To gain new insighti nto the role of disorder on the use of MOFs as catalyst supports, two MOFs have been selecteda s hosts to deposit Pd NPs, namely,1 )lab-synthesized non-defective MIL-100(Fe) and 2) commercial non-crystalline Basolite F300 iron 1,3,5-benzenetricarboxylate. As described below, these materials have similar iron 1,3,5-benzenetricarboxylate composition (although the molecular formula of Basolite F300 remains unknown), yet their properties differ significantly. Thereafter,P dn anoparticles are introduced following:1 )incipient wetness impregnation, and 2) colloidal deposition, as showni nF igure 1b.
Materials characterization
Crystallinity. Powder X-ray diffraction (PXRD)o fM IL-100(Fe) and Basolite F300 supports shows as harp contrasti ns tructural order at longer length ranges.I nt he case of MIL-100(Fe), that crystallizesi naface-centered cubic FCC structure of the Fd3 m group, XRD displays sharp diffraction peaks at 2.48,3 .98, (a) PXRD and(b) normalized probability D(r)obtained from X-ray total scattering of (green)M IL-100(Fe) and (red) Basolite F300 supports. Insets howsfirst, seconda nd third coordination shells togetherw ith the corresponding assigned bonds. and 4.68,c orresponding to the (111), (2 20) , and (3 11)c rystallographic planeso fM IL-100(Fe), respectively ( Figure 2a ). This indicates that the synthesized material indeed has the MTNzeotype architecture. On the other hand, Basolite F300 presents as mooth pattern, in contrast to previous literature, [12a] characteristic of non-crystalline solid, thusp reventing the assignmentt oagiven crystalline structure.T of urther understand MIL-100(Fe) and Basolite F300 structure at the short and intermediate range, X-ray Pair Distribution Function (XPDF) analysis was conducted on both materials. The local environmento fF e atoms in MIL-100(Fe) and Basolite F300 show very similarf irst (FeÀO), second (FeÀC), and third (FeÀFe) coordination shells (Figure 2b ). The lengths of the FeÀOb ond are 2.08 and 2.12 for MIL-100(Fe) and Basolite F300, respectively.F urther,F e ÀC and FeÀFe distances were measured to be 3.4 and 3.2 ;a nd 4.6 and 4.5 ,f or MIL-100(Fe) and Basolite F300, respectively. These similar atom distances suggest minor structuralc hanges between both materials in the first 3c oordination shells aroundFea toms. [13] However,t he structural arrangement at intermediate and long ranges differs strongly from one support to the other. Beyondc a. 8 ,B asolite F300 shows very low PDF intensity, which corroborates the lack of long-range order,a so bserved in PXRD. MIL-100(Fe) on the other hand shows intenses ignal features. Collectively,t hese results show that both MIL-100(Fe) and Basolite F300 possess,a tt he local scale, oxo-centered trimers of iron octahedra. These, however,a re assembled through BTC ligandsi nto ad isordered lattice, with structural amorphization at length scales beyond the trimer building block. Therefore, we can conclude that Basolite F300 is structurally perturbed compared to the highly ordered MIL-100(Fe). Additional Ramans pectroscopy reveals that the band intensity ratio of 1606 cm À1 n(C=C) to 1550 cm À1 n(OÀCÀO) asymmetric is higher for Basolite F300 compared to MIL-100(Fe) ( Figure S1 in Supporting Information). [14] This suggestst hat O-C-O bond vibrations are less intense for disordered Basolite F300, as a consequence of increased O-C-O bond disorderd ue to structural perturbation.This further suggests that structuraldisorder affects bond vibrations.
Porosity. MOF framework crystallinity,o rt he lack thereof, has ap otentiali mpact on the pore network geometry.N 2 isotherms acquired at 77 K ( Figure 3a )s howedatype Ib ehavior for both crystalline MIL-100(Fe) and disordered Basolite F300, typical of microporous materials. This implies that no mesoand macroporosity is introduced in Basolite F300 due to perturbed metal-linker organization.A side from their similar isotherm type, multiple differences are present between both materials.F irst, the MIL-100(Fe) and Basolite F300 BET surface areas amount to 1040 and 685 m 2 g À1 ,r espectively.O wing to the differencei ns ynthetic protocols, the surface area of MIL-100(Fe)d iffers from the one reportedb yt he group of FØrey, suggesting not as well crystallized material( also observed in XRD peak broadness). [15] Even though FØrey and co-workers have reported MIL-100(Fe) with even higherc rystallinity,h ere we aim to compareM IL-100(Fe), obtained by simple and scalable synthesis protocols that do not involvet he presence of HF, to Basolite F300.
In addition, their respective pore volumes differ from 0.45 cm 3 g À1 for MIL-100(Fe) to 0.29 cm 3 g À1 for Basolite F300. Therefore, the overall loss in crystallinity observed for Basolite F300 relative to MIL-100(Fe) causes ad ecrease in the porosity of these microporous materials. Thisp orosity loss is also reflected in the maximal N 2 uptake at p/p 0 > 0.95 which decreases from 220 cm 3 g À1 for MIL-100(Fe) to 190 cm 3 g À1 forB asolite F300. Ad etailed investigation of the MIL-100(Fe)i sotherm in the lowr elative pressure regime-p/p 0 between 0.05 and 0.15-showst wo steps, corresponding to the filling of the two different cages (Figure 3a inset) . [15] As the experimentally determined pore size of MIL-100(Fe) is reported to be in the limit between micro and mesopore, [16] the use of non-local density functional theory (NLDFT) to evaluate the pore size distribution is considered to be the bestm ethodc ompared to the BarrettJoyner-Halenda (BJH) methodt hat is applicable only for mesoporousm aterials. The challenge in the NLDFT method, however,i st hat no perfectk ernels are knownf or MOFs. In this study, we considered to apply NLDFTw ith am odel of nitrogen on silica with cylindrical pore, as it shows the best result.I ndeed, our results are comparable to previous reports that used DFT methods.
As can be observed, the overall loss in crystallinity observed for Basolite F300 relative to MIL-100(Fe)c auses ad ecrease in the porosity of these materials. The loss of porosity in Basolite F300 may also affect the acidity and hydrophilicity of the material that will be furtherd iscussed. The estimated NLDFT pore size distribution of MIL-100(Fe)e xhibits ab imodal shape, where the two modi are centered at % 18-23 and % 25-27 ( Figure 3b ), corresponding to the two cages of the zeotypic structure. In contrast, Basolite F300 exhibits as ingle visually observable step in the low-pressure regime. Estimation of the pore size distribution logically yields am onomodalp ore size distribution, centered around1 8-22 ,t houghw ith lower abundances relative to MIL-100(Fe). This suggests that the bimodal pore system of MIL-100(Fe) is not presenti nB asolite F300, possibly due to the disordered nature of this compound.
Acidity. The Basolite F300 structure is strongly perturbed compared to the crystalline MIL-100(Fe), yielding al ack of long range order beyond 8 and well-defined pore network. Whilst order in the pore system may not be ar equirementf or many applications, such configurationally perturbed linker-node organization can inducec hanges in the acidic properties of these materials, which is substantiated here by probe-molecule Fourier-transformed infrareds pectroscopy (FTIR). Prior to pyridine-probed( Py) FTIR, the supports were dried at 498 Ku nder secondary vacuum (p < 10 À3 mbar) for 16 ht or emovet erminal aqua and hydroxido ligands bound to Fe 3 + Lewis acid coordinativelyu nsaturated sites (CUS). [18] The Py FTIR spectra show two main bands at 1070 and 1042cm
À1
,c orresponding to the n 18a and n 12 asymmetricalr ing-stretching modes of pyridine, respectively ( Figure 4a ). [19] No shifts are observed after prolonged pyridine exposure in any of the samples, indicating no interaction with the MOF surface affecting those modes. The band at 1014 cm À1 corresponds to pyridine interacting with Fe 3 + sites, that is, Py···Fe 3 + ,w hereast he band at 1007 cm À1 relates to reduced Fe 2 + centers. [17] Evolution of the normalized intensity of the band at 1042 cm À1 over time ( Figure S2 ) reveals that pyridine uptake reaches as teady state for Basolite F300 after 30 min, while it increases linearly up to 60 mini n the case of MIL-100(Fe). This indicates that ah igher amount of pyridine can be adsorbed, suggesting that there are more adsorptions ites per unit surface area, thus, ah igher number of acid sites in the case of MIL-100(Fe). Moreover,t he relative intensity of the bands at 1014 and 1007 cm À1 is different at similar adsorption times. This indicates that the redox properties of Fe sites are different fore ach MOF,a sp reviously reported by the group of García. [20] They might be associated to steric or electronic constraints particular to each material, although further experimentsw ould be necessary to elucidate them.
Dhakshinamoorthy et al. [20] observed ac orrelation in intensity between the n 1 mode at 1007 cm À1 and the sharp n(OH) vibrational band at 3575 cm
,a ssigned to the free carboxylic groups (both from unreacted trimesic acid and point defects), which they connected to PyH + sites of -OH groups arising from those defects and impurities. In our study,t he band at 1007 cm À1 was observed in the spectra of both materials after pyridine dosing, but no effect on the 2000-3600 cm À1 region was observed. This implies that both materials have ac ertain amount of reduced Fe 2 + sites, but no significant amount of linker defects are observed. When comparing the spectral band intensities in Figure 4a ,i ti sc lear that Basolite F300 exposes less Lewisa cid sites compared to MIL-100(Fe). However, the nature of these Lewis acid sites that both supportse xpose is very similar. [20] In order to study the Brønsteda cidity arising from OH groups coordinating to Fe 3 + sites, CO probe molecules are adsorbed on the support at 85 K, after drying the sample at 448 Kf or 3h at p < 10 À3 mbar.I nb oth supports, very similar bands at 2165, 2154, and 2138 cm À1 appear upon insertiono fC Oi nt he cell (Figure 4b and c) Figure 4d) ; whilet he band at 2137 cm À1 corresponds to CO physisorbed in the pores. All in all, from the spectroscopica nalysis, it can be deduced that the natureo fB rønsted or Lewis acid sites in both Basolite F300 and MIL-100(Fe) materials is very similar.N os ignificant linkernode under-coordination could be detected for structurally more disordered Basolite F300, due to the absence of the n(OH) vibrationalb and at 3575 cm
.H owever,alower number of Lewis acid sites, could be substantiated for Basolite F300, as suggested by the lower band intensities across the Py FTIR range from 1000-1080 cm À1 for Basolite F300 compared to MIL-100(Fe).
Hydrophilicity. The differing Lewis acidity for Basolite F300 and MIL-100(Fe) at the molecular scale could potentially impact the polarity of the materials as aw hole, and their hydrophilicity on am ore macroscopic level. To evaluate this hydrophilicity,o ra ffinity towards polar molecules, methanol (MeOH)i sothermsw ere collected at 298 Kf or MIL-100(Fe) and Basolite F300 (Figure 5a nd Figure S3 in Supporting Information). MeOH filling of the pore systems of thesem aterials is in full agreement with N 2 physisorption:t he MIL-100(Fe) MeOH isotherm displays two steps resulting from MeOH filling of each cage type;w hereas Basolite F300 shows only one step as ar esult of the filling of amonomodal pore system. Second, hydrophilicity of each materialc an be obtained by Henry's constant from the MeOH isotherms as reportedi nl iterature (see Supporting Information Section 3a nd Figure S4 ). [21] For MIL-100(Fe) and Basolite F300, Henry's constant values are 4.2 10 À6 and 2.2 10
,r espectively,e videncing am ore hydrophilic surfacef or MIL-100(Fe) than for Basolite F300. This is in accordancew ith the maximal methanol uptake of 253 cm 3 g À1 for MIL-100(Fe)c omparedt o1 49 cm 3 g
for Basolite F300 at p/p 0 = 0.95. Even when normalizing to the higher surface area of MIL-100(Fe) relative to Basolite F300 (BET MIL-100 /BET Basolite = 1.52), MIL-100(Fe) adsorbs 12 %m ore MeOH per unit surfacea rea compared to Basolite F300. This is also the case when normalized to the pore volume of both materials (V p MIL-100 / V p Basolite = 1.55), corresponding to 11 %m ore MeOH adsorbed per unit pore volume.
In the case of MIL-100(Fe), the higher hydrophilicity can be correlated to an increased polarityo ft he material, induced by Lewis acidity.
[22] The higher number of Lewis acid sites for MIL-100(Fe)r elative to Basolite F300 predicts ah ighers urface polarity and hydrophilicity for MIL-100(Fe). This is indeedc onfirmed by the MeOH adsorption isotherms,a nd further suggested by pyridine-probe FTIR experiments. Additionally,t hermogravimetric analysis (TGA) was applied to furtherc orroborate the stronger hydrophilicity of MIL-100(Fe);s ee Figure S4 . The resultsi ndeed show that MIL-100(Fe) has % 29 wt. %l oss of adsorbed species upon heating to 423 Ku nder Ar flow,c orresponding to adsorbed water,i nc ontrastt o% 22 wt. %f or Basolite F300. TGA of both materials under O 2 flow (10 mL min À1 )r evealed as imilart rend, in which the releaseo f adsorbed water and DMFw as % 28 wt. %f or MIL-100(Fe) and % 15 wt. %f or Basolite F300. When comparing the Fe content, calculated from the Fe 2 O 3 residue, Basolite F300 was shown to contain 18.9 wt. %F e, in contrast to MIL-100(Fe), for which only 15.4 wt. %F ew as observed. These minor differences may correspond to nanosized impurity deposits undetectable by other techniques, as previouslyf ound in the literature. [23] Bulk composition, crystal morphology,a nd surface composition and oxidation states were studied by elemental analysis (Table 1) , scanninge lectron microscopy (SEM) micrographs ( Figure S6) , and X-ray photoelectron spectroscopy (XPS) (Supporting Information, Section6and Figure S7 , S8, and S9), respectively, showingv ery similarp roperties for both type of materials.
Metal deposition
When used as ac atalyst support, the differing structurala nd (physico-)chemical properties of MIL-100(Fe) and Basolite F300 can influence the processes involved in metal NP deposition, including solventw etting, metal precursora dsorption,N P formation/activation, and stability.B elow,t wo archetypal metal deposition methods-colloidals ynthesis ( Figure 6 ) and incipient wetness impregnation ( Figure 7) -have been applied to illustratethe potential impact of the MOF support properties on the formationo fN P-supported catalysts. Colloidal Pd NPs. Oleylamine-stabilized monodisperse 5nm Pd nanocrystals ( Figure S10 ) were synthesized and deposited on the external surface of MIL-100(Fe) and Basolite F300 in methanol solution. After stirring the colloidalN Ps with the MOF support and carefully washing the excess of surfactant, Pd dispersion on surface wasstudied by meansoft ransmission electron microscopy ( Figure 6 ).
TEM evidences that the Basolite F300 support surfacei s decorated with abundant Pd nanoparticles,w hereas in the case of MIL-100(Fe) al ower amount of Pd NPs are observed.
Indeed,b ulk elemental analysiss hows ah igherc olloidal uptake of Pd for the Basolite F300 support (0.256 wt. %) when compared to MIL-100(Fe) (0.142 wt. %) (TableS1). These results can be rationalized when considering the previously observed support properties:B asolite F300 is more hydrophobic than MIL-100(Fe) due to its lower Lewis acidity.T his hydrophobic nature results in af avorablei nteraction with apolar oleylamine-capped Pd NPs, leading to attractive forces and consecutive adsorption of the colloidal particles on the Basolite F300 support. In contrast, for MIL-100(Fe), the apolar oleylamine capping ligands will establish reduced interactions with the more hydrophilic (polar,L ewis acid) support surface, leading to decreased NP anchoring. Thism ight eventually result in an increasedd epositiono fc apped Pd nanoparticles on Basolite F300 compared to MIL-100(Fe), as observed in Figure 6 .
Pd NPs by incipient wetnessi mpregnation. In the case of incipientw etnessi mpregnation (IWI), two different cases are investigated:I WI of 1) Pd(acac) 2 using (apolar) chloroform as a solvent, and 2) Na 2 PdCl 4 using (polar) water on MIL-100(Fe) and Basolite F300 supports. By calcination and H 2 reduction after impregnationo ft hese Pd precursors, very different Pd nanoparticle size distributions are obtained for MIL-100(Fe) and Basolite F300 supports, as evidenced by TEM (Figure 7) . Structuralintegrity of the materialafter introducingthe Pd particles was corroborated by PXRD, which shows that the crystallinity was fully retained( Figure S11i nS upporting Information). In the case of the Pd(acac) 2 -chloroform incipient wetnessi mpregnation, well-dispersed nanoparticles with sizes centered around7 -8 nm decorate the Basolite F300 support. For the more polar MIL-100(Fe) support, larger ca. 15 nm NPs were obtained after calcination and H 2 reduction of the Pd precursor (Figure 7a-c) . In the case of Na 2 PdCl 4 -water impregnation, the situationisreversed, as the larger Pd particles grow on the surface of Basolite F300, compared to those found on MIL-100(Fe).F urther,i na ddition to those larger Pd particles (> 20-50 nm size clusters) found in Basolite F300, small NPs are also observed for both Basolite F300 and MIL-100(Fe) supports, as showni nF igure 7d-f. In order to better understand the distributiono fPd NPs,t he volumetrically-weighted cumulative size distribution (Figure 7g-h) 
where v i is the volumeo fPd particles of diameter d i ,a nd f i the frequency,a ssuming spheres. Figure 7g -h shows that the majority of the Pd atoms reside in large-sized Pd NPs (> 60 nm) for Basolite F300 supports, whereas the majority of Pd atoms is included in smaller NPs (< 60 nm) for MIL-100(Fe). X-ray diffractograms corroborate the TEM results, as they show higher Pd NP sizes for Basolite F300 versus MIL-100(Fe) in the Pd (111)a nd (2 00)d iffraction peaks (Figure 8 ).
Even thoughm any parameters play ar ole in the deposition and formation of Pd NPs, we hypothesize that the described observations can be clarified by favored polar-polar and apolar-apolar interactions. Chloroform is an apolar solvent (dipole moment D * = 1.04) which interacts attractively with the less polar Basolite F300, and poorly with the more polar MIL-100(Fe). This will induce differences in solvent wetting of the support, whichi sm ore favored on Basolite F300 (Figure 9 ). Upon sufficient solventw etting, the acac-ligands undergo apolar-apolar attractive interactions with the Basolite F300, [24] resultingi nf inely dispersed Pd NPs.
In the case of MIL-100(Fe), solvent wetting by chloroform is more limited, which partially prevents intimatei nteractions between Pd(acac) 2 ligandsa nd the support, causing Pd(acac) 2 precursor molecules to form larger clusters. [25] For the case of Na 2 PdCl 4 -water impregnation, the polar solvent will wet the most polar support, namely MIL-100(Fe), and the polar precursor anions (PdCl 4 2À )a re expected to anchor preferentially on MIL-100(Fe). For more apolar Basolite F300, solventw etting will be less favorable, leading to precursor accumulation in the surface and large crystal formationu pon calcination and H 2 reductiont reatment. We clearly show that althoughb oth materials have very similar chemical composition, their surface properties play ak ey role in adsorption and formation of metal nanoparticles.
Conclusions
Industrial Basolite F300 and lab-synthesized MIL-100(Fe), with similar iron 1,3,5-benzenetricarboxylate composition, show very different behavior when used as as upport for metal nanoparticle synthesis. PXRD and X-ray PDF show that MIL-100(Fe)p ossess long-range order and has aM TN-zeotype crystal structure, whereas Basolite F300 lacks long-range order beyond8.T he configurational linker-node disorder responsible for this disordering decreases the number of Lewis acid sites in Basolite F300 compared to MIL-100(Fe), while the nature of acid sites remains similar. The decreased Lewis acidity of Basolite F300 induces ac hange in the polarity/hydrophilicity of the materials, making Basolite F300 more hydrophobic comparedt oh ydrophilic MIL-100(Fe), as confirmed by methanol adsorption experiments.T his discrepancy in hydrophilicity strongly alters the wettability of the solvent, depending on its polar nature,a nd subsequentp recursor anchoring on the support surface. It is shown for archetypal colloidal synthesis and incipient wetnessi mpregnation methods that the intricate nature of iron 1,3,5-benzenetricarboxylate supports can have a strong impact on metaln anoparticle deposition and the eventual nanoparticle size distribution. Alternatively,t uning the MOF structure and function could yield am eanst oc ontrol metal nanoparticle properties and their concomitant catalytic performance.
Experimental Section
Materials synthesis
À or OH À , n % 11-14)] was synthesized as described in literature. [26] In brief, iron nitrate nonahydrate (Fe(NO 3 ) 3 ·9H 2 O, Sigma-Aldrich, ! 99.999 %, 33.7 g, 0.08 mol) and 1,3,5-benzenetricarboxylate (H 3 BTC, C 9 H 6 O 6 , Sigma-Aldrich, ! 99 %, 15.8 g, 0.08 mol) were mixed in 50 mL of water in a1 00 mL round-bottom flask equipped with ar eflux condenser.T he mixture was heated at 368 Kf or 24 ha nd stirred at 300 rpm. Then the orange powder was recovered by centrifugation and washed thoroughly with water and ethanol (VWR International, ! 96 %). Basolite F300 was purchased from Sigma-Aldrich. In order to remove trapped unreacted H 3 BTC and other impurities, both MOFs were soaked in N,N-dimethylformamide (C 3 H 7 NO, DMF, Sigma-Aldrich, ! 98 %) at 353 Kf or 12 h. The solvent was then removed and replaced by a6 8mm ammonium fluoride (NH 4 F, Sigma-Aldrich, ! 98 %) aqueous solution at 353 Kf or 6h.Then, the powders were recovered by centrifugation and dried in an oven at 393 Kina ir for 16 h.
Impregnation of Pd precursors
Prior to the solution infiltration of the Pd precursor,t he materials were activated in vacuum at 423 Kf or 12 ha nd kept in the flask during the addition. The corresponding amount of palladium (II) 2,4-pentanedionate (Pd(acac) 2 ,S igma-Aldrich, ! 99 %) to attain 1wt. %P dw as dissolved in chloroform (CHCl 3 ,S igma-Aldrich, 99 %, anhydrous) and infiltrated into the degassed pores of the materials by adding it dropwise to the powder at room temperature and with constant stirring. The materials were then dried at 298 Kf or 24 hi nA ra nd then calcined at 423 Kw ith ah eat ramp of 2Kmin
À1
,f or 2h in aN 2 flow of 50 mL min
,a fter which the gas feed was switched to H 2 flow of 50 mL min À1 for the reduction, and the temperature kept constant for 2h more, then cooled down to room temperature naturally.N os pecific passivation method was used. In the case of sodium (II) tetrachloropalladate (Na 2 PdCl 4 ,S igma-Aldrich, ! 99 %), the corresponding amount to attain 1wt. %P dw as dissolved in deionized water.T he MOF supports were degassed as described previously and the Pd solution added to the powder dropwise while stirring under vacuum. The impregnated powder was then dried at room temperature in Ar atmosphere for 16 ha nd calcined at 423 Kf or 2h in aN 2 flow of 50 mL min À1 with ah eat ramp of 2Kmin À1 ,a fter which the gas feed was switched to H 2 flow of 50 mL min
,a nd the temperature kept constant for 2h more, then cooled down to room temperature naturally.N os pecific passivation method was used.
Synthesis and deposition of colloidal Pd nanocrystals
Colloidally stabilized Pd nanocrystals were prepared as described in literature. [27] To deposit the Pd nanocrystals, 0.1 go fM OF was mixed under magnetic stirring with 10 mL of methanol at room temperature. Then, as uspension containing 66.6 mg of colloidal Pd in 5mLo fm ethanol was added dropwise to the MOF suspension, and the mixture stirred for 24 ha t2 98 K. Thereafter,t he powder was recovered by centrifugation, washed with 10 mL of methanol, separated and carefully washed with 10 mL of n-hexane (Sigma-Aldrich, 99.9 %) in order to remove the excess of oleylamine (Sigma-Aldrich, ! 98 %), as seen by the solution turning black. The solid composites were then dried at 353 Ki na ir for 5h, and stored in air for further analysis.
Materials characterization
Powder X-ray diffraction (PXRD) were obtained by aB ruker-AXS D2 Phaser powder X-ray diffractometer in Bragg-Brentano geometry,u sing Co Ka1,2 = 1.79026 ,o perated at 30 kV.M easurements were carried out between 5a nd 708 using as tep size of 0.058 and as can speed of 1s.S imulated patterns were obtained by processing the corresponding CIF files with Mercury 3.7 (l = 1.79026 , FWHM = 0.2).
X-ray total scattering pair distribution functions (X-ray PDF) measurements were performed using powder samples of Basolite F300 and MIL-100(Fe) that were loaded in 0.5 mm borosilicate capillaries and mounted on aP ANalytical Empyrean diffractometer equipped with aM oX -ray tube (l = 0.71 ,Q max = 17.7 À1 ), Mo focusing mirror,a nd scintillation point detector.D ivergence 18,a ntiscatter 1/48,a nd Soller (0.04 rad) slits were used to adjust the incident beam profile;ap rogrammable receiving slit, set to ah eight of 1mm, was used for the diffracted beam. To tal scattering data were collected over the angular range 2.75 > 2q > 1408,y ielding data with useable Q max = 15 À1 .T hese data were corrected for background, Compton, and multiple scattering and beam attenuation by the sample container using the GudrunX package. [28] The normalized structure factor F(Q) was converted to the PDF in the form of the D(r) function as defined in ref. [29] .
X-ray photoelectron spectroscopy (XPS) experiments were performed by using aT hermo Scientific K-Alpha spectrometer equipped with am onochromatic small-spot X-ray source and a 1808 double focusing hemispherical analyzer with a1 28-channel delay line detector.S pectra were obtained using an aluminum anode (Al Ka = 1486.6 eV) operated at 72 Wa nd as pot size of 400 mm. Survey scans and high-resolution scans of the separate regions were measured at constant pass energies of 200 eV and 50 eV,r espectively.T he background pressure of the ultra-high vacuum (UHV) chamber was 2 10 À8 mbar.S ample charging was compensated for by the use of an electron flood gun, and binding energy calibration was done by setting the peak as reference for all samples to ab inding energy (BE) of 284.8 eV,w hich corresponds to ac ombination of phenyl (sp2) and adventitious carbon (sp3), according to previously reported procedures. Fitting of the spectra (BE, FWHM, peak shape, asymmetry,n umber of species) was carried out with CasaXPS software, version 2.3.16.
Fourier-transformed infrared (FTIR) spectroscopy measurements were recorded on aP erkinElmer System 2000 instrument (16 scans, 4cm À1 resolution, DTGS detector,c ell with KBr windows). The materials were prepared in ap ress tool by pressing % 10 mg of powder into self-supported pellets (2 cm 2 area), which were then activated at 448 Kf or 3hat p < 10 À5 mbar.A fter cooling down the cell with liquid N 2 temperature to 85 K, a1 0% CO/He v/v (Linde AG, 99.998 %p urity) mixture was introduced to an equilibrium pressure of 100 mbar,a nd was then desorbed stepwise at constant temperature, until reaching total evacuation again at ap ressure of % 10 À5 mbar.W hen pyridine (Py) was used as ap robe molecule, similar pellets were placed into ac ell as the one described above and the spectra recorded with aT hermoFisher Nicolet i5 spectrometer (32 scans, 4cm
À1 resolution, DTGS detector). The pellet was evacuated by heating in ac ell at 498 K( ramp of 10 Kmin À1 )f or 24 ha tp < 10 À5 mbar,w hich was then cooled down to 323 K. At that temperature, pyridine (redistilled, 99.9 %, Sigma-Aldrich) vapor was introduced into the cell and the equilibrium pressure set to 15 mbar.S pectra were recorded in adsorption mode up to 60 min after introduction of the gas.
Thermogravimetric analysis (TGA) of the samples was done in a PerkinElmer Pyris 1T GA equipment. Ah eating ramp of 5Kmin À1 from 323 to 1073 Kunder a10mLmin À1 of either O 2 and N 2 atmosphere was used for the analysis. N 2 adsorption isotherms were measured at 77 Ko naM icromeritics ASAP 2010 apparatus. Prior to the measurements, samples were activated at 298 Ku nder primary vacuum until the pressure reached 1mbar and then switched to secondary vacuum at 443 K for 16 h. The measurement temperature was controlled with liquid N 2 at 77 K. Adsorption equilibrium was assumed when the variation of the cell pressure was 5% for minimum and maximum period of 9min and 30 min, respectively.
Methanol adsorption isotherms were measured at 298 Ko n BELmax apparatus (MicrotracBEL). Prior to the measurements, samples were activated to 443 Ku nder secondary vacuum for 16 h. Prior to performing methanol adsorption, methanol (analyte) was flash-frozen with liquid nitrogen and then evacuated under dynamic vacuum 3t imes in order to remove dissolved gases from the reservoir.The measurement temperature was controlled with aw ater bath at 298 Ka nd with the dosing manifold controlled at 313 Kt o avoid unwanted condensation effects. Helium was used to estimate the dead volume prior to the methanol adsorption-desorption measurements. Adsorption equilibrium was assumed when the variation of the cell pressure was 0.5 %f or am inimum period of 5min.
Elemental analysis of the content of Fe, O, and Cw as measured by atomic absorption spectroscopy (AAS) after combustion of the samples with V 2 O 5 at Mikroanalytisches Laboratorium Kolbe (Mül-heim an der Ruhr,G ermany). In the case of Pd, the samples were atomized by inductively coupled plasma (ICP) and analyzed with atomic emission spectroscopy (AES).
Scanning electron microscopy (SEM) images were recorded on a PhenomPro Xm icroscope operated at 10 kV.T he powder samples were supported on carbon tape deposited over Al stubs (FEI stubs) and inserted in the microscope vacuum chamber without Au coating.
Transmission electron microscopy (TEM) images were recorded in the bright-field imaging mode by using aJ EOL2011, aT ecnai T12 or aT ecnai T20FEG transmission electron microscope operated at 120 kV (the two former) or 200 kV,r espectively.S amples were cast onto holey-carbon coated 300 mesh Cu grids from methanol sus-pensions. The mean particle size of Pd was calculated from at least 200 different particles observed by using TEM.
